Phase-contrast magnetic resonance imaging (PC-MRI) is a noninvasive reliable technique, which enables quantification of cerebrospinal fluid (CSF) and total cerebral blood flows (tCBF). Although it is used to study hydrodynamic cerebral disorders in the elderly group (hydrocephalus), there is no published evaluation of aging effects on both tCBF and CSF flows, and on their mechanical coupling. Nineteen young (mean age 2764 years) and 12 elderly (7169 years) healthy volunteers underwent cerebral MRI using 1.5 T scanner. Phase-contrast magnetic resonance imaging pulse sequence was performed at the aqueductal and cervical levels. Cerebrospinal fluid and blood flow curves were then calculated over the cardiac cycle, to extract the characteristic parameters: mean and peak flows, their latencies, and stroke volumes for CSF (cervical and aqueductal) and vascular flows. Total cerebral blood flow was (P < 0.01) decreased significantly in the elderly group when compared with the young subjects with a linear correlation with age observed only in the elderly group (R 2 = 0.7; P = 0.05). Arteriovenous delay was preserved with aging. The CSF stroke volumes were significantly reduced in the elderly, at both aqueductal (P < 0.01) and cervical (P < 0.05) levels, whereas aqueduct/cervical proportion (P = 0.9) was preserved. This is the first work to study aging effects on both CSF and vascular cerebral flows. Data showed (1) tCBF decrease, (2) proportional aqueductal and cervical CSF pulsations reduction as a result of arterial loss of pulsatility, and (3) preserved intracerebral compliance with aging. These results should be used as reference values, to help understand the pathophysiology of degenerative dementia and cerebral hydrodynamic disorders as hydrocephalus.
Introduction
The increase in average length of life is one of the most obvious benefits of scientific and medical progress of the past century: the number of people aged above 65 years in the developing countries is expected to increase from 249 millions in 2000 to 690 millions in 2030 (CDC, Public Health and Aging, 2003) . Simultaneously, the prevalence of dementia increases dramatically with age: from 1.2% in people aged from 65 to 69 years, to 28.5% over 90 years (Lobo et al, 2000) . Although the exact frequencies of different types of dementia remain difficult to assess because of differences in the used criteria, Alzheimer disease (AD) and vascular dementia (VD) are the two most common subtypes of dementia, whereas others, such as frontotemporal dementia or normal-pressure hydrocephalus (NPH), remain rare.
Although AD accounts for 60% to 70% of all dementia (Bornebroek, 2004) , its pathogenesis remains poorly understood, and the limits with normal aging are still unclear. Morphological alterations consist of rapid global cortical atrophy (Resnick et al, 2003) , which prevails in entorhinal and hippocampal regions. Furthermore, morphological studies of the choroid plexuses, the cerebrospinal fluid (CSF)-producing secretory system, showed structural alterations in AD, for example fibrosis (Jellinger et al, 1976) and thickening of the basement membrane (Serot et al, 2000) . These modifications are likely to be related to decrease CSF secretion levels of transthyrein, vitamin B 12 , and folate (Ikeda et al, 1990; Reynolds, 1979; Serot et al, 1997) , inducing CSF hydraulic disorders observed with cisternography in AD (Bartolini et al, 1982) .
Normal-pressure hydrocephalus is a rarer cause of cognitive deficits, responsible for 0% to 5% of all dementia (Vanneste, 2000) , probably underestimated, partly because of inconsistent definitions. Recently, evidence-based guidelines for the clinical diagnosis of idiopathic NPH have been developed to promote earlier and accurate diagnosis, and improve treatment options. The diagnosis criteria are clinical (consisting of the clinical triad of gait disturbance, mental deterioration, and urinary incontinence) and neuroimaging criteria, especially on magnetic resonance imaging (MRI) (severe ventricular enlargement out of proportion to cerebral atrophy, and CSF flow voiding sign, mainly in the aqueduct). Although NPH is the sole curable cause of dementia, with spectacular improvement after shunting in 50% of idiopathic and 70% of secondary NPH cases (Vanneste, 1994) , the diagnosis remains uncertain in a large group of patients, even after the analysis of clinical and MRI data, mainly because of the frequent association to periventricular and ischemic white matter lesions. In these patients, MRI quantification of CSF flows is helpful to idiopathic NPH diagnosis. Some studies have even suggested a correlation between the increase in CSF volume mobilized through the aqueduct during the cardiac cycle (CC) and the postsurgical improvement (Bradley et al, 1996) . Nevertheless, further studies are required to confirm the prognostic role of MRI for shunt-responsive idiopathic NPH, as well as the predictive values of other tests, as the external lumbar drainage or the measure of CSF outflow resistance .
Phase-contrast magnetic resonance imaging (PC-MRI) enables reliable (Barkhof et al, 1994) , noninvading, and rapid measurements of CSF and blood flows, and benefits in knowledge of the mechanical coupling between the cerebral blood and the CSF flows throughout the CC, and their temporal coordinated succession in healthy young subjects (Baledent et al, 2001; Greitz, 1993; Henry-Feugeas et al, 2000) (Figure 1 ). An unbalance in this mechanical coupling is presumed to be responsible not only for pathological states such as NPH (Greitz, 2004) or AD (Uftring et al, 2000) , but also for morphological changes reported in normal aging (Greitz, 1969) .
Age-related structural and dynamic changes in cerebral and vascular compartments have been widely studied. Greitz (1969) reported cerebral atrophy in elderly patients, even those free from cerebrovascular disease, to be responsible for brain distension, probably because of myelin loss. Simultaneously, alterations in composition of connective tissues and muscles of vessel walls are observed with aging in both animal and human models (Kalaria, 1996) , resulting in cerebral hypoperfusion (Buijs et al, 1998; Kashimada et al, 1994; Scheel et al, 2000) . Finally, structural modifications in choroid plexuses have been reported, mainly thickening of the basement membrane, fibrosis, and amyloidal deposition in the choroid blood vessels, resulting in a decrease of CSF secretion and turnover (Serot et al, 2000; Silverberg et al, 2003) .
To the best of our knowledge, few authors (Barkhof et al, 1994; Luetmer et al, 2002; Uftring et al, 2000) Arterial 
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Figure 1 Time evolution of CSF and blood dynamic flows throughout the CC. The systolic phase of CC is divided into five levels with occurrence latencies expressed in % of CC. Phase 1 starts with the systolic arterial Fi peak in the internal carotid arteries (ICSPF), which instantaneously increases cerebral blood volume. In phase 2, starting at 5% of the CC, the cervical CSF is the first to respond to brain expansion by flushing through the subarachnoid spaces. Consequently, subarachnoid cerebral spaces pressure drops, resulting in venous jugular flush peak flow which occurs on phase 3, between 11% and 20% of the CC. On the aqueduct, third ventricle (V3) and Monroe levels CSF flush peak flows occur later (20% to 25% of CC), forming phase 4, and their effects are negligible with regard to cervical CSF flows. Finally, between 25% and 35% of CC, phase 5 occurs, characterized with a state of equilibrium cerebral pressure, with entering arterial flows equal to venting venous flows, and cervical CSF flows almost negligible. Then, the successive reverse phases begin with a reverse fill CSF flow on the aqueductal level (Baledent et al, 2001) .
have studied the effects of aging on CSF flows and their coupling to vascular and CSF cerebral flow dynamics; moreover, none of them has found CSF flow pattern modifications. In addition, only Luetmer et al (2002) studied the CSF stroke volume, representing the CSF volume mobilized through the aqueduct throughout the CC, that is aqueductal compliance, and they found no significant modification with aging (Luetmer et al, 2002) . Finally, previous studies did not include cervical CSF flow evaluation, because of the complex anatomy of the subarachnoid spaces, although many authors pointed to the major role of spinal compartment in the early systolic regulation of the brain expansion (Baledent et al, 2001; Greitz et al, 1992) . In this study, we used an in-house automated segmentation algorithm, which enables reliable and reproducible flow measurements of both cervical and aqueductal CSF flows (Baledent et al, 2001 (Baledent et al, , 2004 .
Our purpose was to evaluate the effects of aging on both vascular and CSF cerebral flows, and on the dynamic coupling between these compartments. The potential clinical output is reducing the agerelated effects in the evaluation of pathological states such as NPH, AD, or cerebrovascular diseases.
Materials and methods

Participants
The studied population, defined as normal elderly (NE), consisted of 12 elderly subjects (eight women and four men). The mean age was 7179 years. They were all admitted in the neurological department of our clinic, and underwent MRI of the brain to screen seizures, transient neurological deficit, or gait troubles. Exclusion criteria were a cognitive decline (all subjects underwent a neuropsychological screening with a Mini Mental State Examination (Folstein et al, 1975) and the scores were required > 26/30 for all), a relevant cerebral neurological disease (cerebrovascular accident, meningoencephalitis, tumor), or relevant cerebrovascular risk factors, except arterial hypertension controlled by medication. None of these subjects had ventricular enlargement on the morphological MRI sequences. A regular heart rate (expressed as beats per minute) was required in all participants, and was recorded using a peripheral gating device placed on the subject's forefinger, to trigger the sequences.
The control population, hereby called normal young (NY) population, consisted of 19 healthy young volunteers (3 women and 16 men), who underwent cine PC-MRI. The mean age was 27.574.4 years. The exclusion criteria were any neurological, psychiatric or severe general disease, alcoholism, or abnormalities detected with clinical MRI exam.
Data Acquisition
All MRI exams were performed using a 1.5-T machine (Sigma; General Electric Medical System, Milwaukee, WI, USA). Patients were supine. Conventional morphologic sequences were acquired in each patient depending on clinical request. Then, flow images were acquired with a two-dimensional cine PC-MRI pulse sequence with retrospective peripheral gating, so that the 32 frames analyzed covered the entire CC. The MRI parameters were as follows: echo time TE = 6 msecs to 9 msecs; repetition time TR = 20 msecs; flip angle = 251 for vascular flows, 201 for CSF flows; field of view FOV = 16 Â 12 mm 2 ; matrix = 256 Â 128; and slice thickness = 6 mm. Velocity (encoding) sensitization was set at 80 cm/s for the vessels, 10 cm/sec for the aqueduct, and 5 cm/sec for the cervical subarachnoid space. Sagittal scout view sequences were used as localizer to select the anatomical levels for flow quantification. The acquisition planes were selected perpendicular to the presumed direction of the flow. Sections through C2 to C3 subarachnoid spaces level and sylvius aqueduct were used for CSF, and sections through C2 to C3 level were used to measure vascular flows in left and right internal carotids, vertebral arteries, and internal jugular veins. The acquisition time for each flow series was approximately 2 mins, with slight fluctuation that depended on the participant's heart rate.
Data Analysis
Data were analyzed using an in-house image processing software (Baledent et al, 2001 ) with an optimized CSF and blood flows segmentation algorithm, which automatically extracts the region of interest at each level and calculates its flow curves over the 32 segments of the CC (Figure 2) . Then, the mean venous, arterial, and CSF flow curves were generated against either CC or image index.
For the arterial flows, we calculated the mean cerebral arterial total cerebral blood flow (tCBF) in milliliters per minute, which was the sum of mean arterial flows in left and right internal carotids and vertebral arteries.
For the venous flows, a correction factor was applied to the amplitude of the internal jugular flow to obtain equality between the mean total inflow arterial and the mean total outflow venous rates, as described by previous works (Alperin et al, 1996; Baledent et al, 2001) .
The total cerebral vascular flow curve was generated by calculating the difference between arterial and venous flows throughout the CC. The time integral of this arteriovenous (AV) curve gave the intracranial blood volume change during the CC. The absolute sum of this volume maximum change in the caudal and cranial directions during the CC was defined as the 'blood stroke volume,' responsible for the dynamic coupling and succession of cerebral flows, starting with the CSF cervical venting.
Similarly, CSF flow curves in both aqueductal and cervical levels were integrated, providing the CSF stroke volumes, which represent the CSF volumes displaced in both directions through the considered region of interest at each level (Nitz et al, 1992) . These volumes represent the 'mobile compliance' of ventricular and subarachnoid compartments and contribute to rapid regulation of intracranial pressure throughout the CC.
For each of these curves, amplitude and temporal characteristical parameters were analyzed.
Amplitude Analysis: For the arterial flows, we analyzed tCBF, arterial systolic flows, and diastolic peak flows. For the venous flows, we analyzed mean cerebral venous jugular blood flow, venous systolic peak flows, and venous diastolic peak flows.
For each of the CSF flow curves, the analyzed parameters were CSF peak fill flow (Fi) and CSF peak flush flow (Fl).
Temporal Flow Analysis:
The analysis of key temporal parameters gives the succession of dynamic volume changes in vascular and CSF compartments. Comparing the latencies of maximum flow peaks provides an indirect evaluation of the delays in wave propagation, that is the dynamic coupling among the arterial, venous, and CSF cerebral compartments (Figure 1) .
We defined the time reference (or zero time) as the averaged time of the arterial Fi peaks in the right and left arterial carotid arteries.
Temporal parameters were the time to peak fill flow (LFi) and to peak flush flow (LFl) for CSF flow curves, the latencies of systolic and diastolic peaks (LAs and LAd) for arterial flows, and the systolic and diastolic peak flows (LVs and LVd) for venous flows. For the AV flow curve, we analyzed the arterio venous delay (AVD), representing the latency between the arterial systolic inflow peak and the outflow venous peak. All temporal parameters were expressed in terms of percentage of the CC.
Statistical Analysis
Amplitude and temporal parameters comparison between NY and NE subjects was performed using a univariate analysis, with a nonparametric Mann-Whitney test. The level for statistical significance (P-value) was set at 0.05.
The age effect on tCBF was evaluated using two different methods. When considering the two studied groups as a whole (NE and NY mixed together), the annual decrease in tCBF was calculated by dividing the mean tCBF difference ((tCBF of NE)-(tCBF of NY)) by the mean age difference ((mean age of NE)-(mean age of NY)). Conversely, when considering separately the NE or NY population, we used linear regression analysis, extracted the linear equation, and calculated the regression coefficient R 2 .
Results
Flow Curves
The mean flow curves of NY and NE populations were generated for aqueductal and cervical CSF, as well as for arterial, venous, and AV flows. Figure 3 demonstrates a global decrease in flow values in the NE population when compared with NY population.
Analysis of Blood Flow
The mean values of key parameters of arterial, venous, and AV blood flows in young and elderly groups are shown in Table 1 . Figure 2 A snapshot of the graphic user interfaces of the home-made software. (A) A sagittal T1W image is used to localize the acquisition plane at the cervical C2 to C3 and aqueductal levels. At the cervical level (velocity encoding Venc at 80 cm/sec), we first get the PC-MRI image of the cervical vascular flows (B): black pixels correspond to arterial inflow, white pixels to venous outflow, and grey pixels denote static tissues. The useful image (i.e., right internal carotid) is manually selected in the considered region of interest, and zoomed out (C). Then a semiautomated extraction algorithm outlines the vessel outline (D), based on the temporal evolution of vascular flow velocities through the cardiac phases. Finally, the algorithm calculates the right carotid arterial flow curve (E). By applying this procedure to the right and left arteries and veins, we get the temporal evolution of total cerebral vascular flow over a CC. Changing the Venc to 10 cm/sec at the cervical level, and repeating the processing algorithm to the subarachnoidal spaces region of interest (F, G, and H), we obtain the cervical CSF flow curve (I).
The mean arterial tCBF was significantly (P < 0.01) decreased in NE subjects (5097103 mL/min) when compared with NY adults (6887115 mL/min). The maximum peaks of arterial systolic and diastolic flows were significantly decreased in NE (Table 1) , without difference in their latencies.
Similarly, the mean out-fill jugular venous flow was decreased in NE subjects (3677124 mL/min) in comparison with NY (4827147 mL/min). The internal jugular systolic flow peak was significantly lower for NE, but occurred at the same latency observed in NY (Table 1) .
Considering the global AV cerebral flow curve, there were no significant differences in AV stroke volume between the NE (0.7270.3 mL) and the NY (0.870.2 mL) adults. Finally, the AVD was not significantly different between NE (22%713% of CC) and NY (17%77% of CC) populations.
Analysis of Cerebrospinal Fluid Flow
Values of fill and flush CSF peak flows, of their latencies, and of CSF stroke volumes are shown in Table 2 . There were no significant differences in peaks' latencies when comparing NE and NY flow curves. The unique noticeable difference in CSF flows concerned the Fl peak for cervical CSF, which was significantly lower in NE (P < 0.01).
There was a significant decrease in CSF stroke volume with age at the cervical level as well as at the aqueductal level (P < 0.05).
Finally, we calculated the ratio (cervical CSF stroke volume/aqueductal CSF stroke volume), and did not find a significant difference (P = 0.9) between NY (15.779.6) and NE (15.677.5).
Blood Flows and Age Relationships
The annual decrease in tCBF among all subjects (NY and NE together) was calculated and the annual decrease coefficient was of 4.1 mL/min per year. Cervical (C) and aqueductal (D) CSF flow curves show two separate and opposite phases through the CC: a flush period and a fill period. During the systolic phase, CSF flushes first into the cervical subarachnoid spaces at the same latency for both populations (88% of CC) and later through the aqueductal level (at 100% of CC for both populations). After a shift point, CSF fill period begins at the two levels.
Aging effects on CBF and CSF flows S Stoquart-ElSankari et al
When the NE population was considered separately, as expected, we found by linear regression a significant gradual and continuous decrease with age (Figure 4 ). For these 12 subjects, the decrease in tCBF was about 9.38 mL/min per year (tCBF = À9.38 Â age + 1178.68; R 2 = 0.71; P = 0.001). On the contrary, in the NY group, linear regression revealed no relation between tCBF and age (tCBF = À0.065 Â age + 689.43; R 2 = 0; P < 0.05).
Discussion
With the dramatically increasing incidence of dementia, it seems necessary to develop powerful and reliable diagnosis tools to promote early diagnosis and to improve treatment outcome. Greitz (1969) suggested that most of these cerebral diseases are due to an unbalance in the mechanical intracranial coupling between vascular and CSF flows. However, to our knowledge, only few studies considered the coupling between blood and CSF flows in NPH (Baledent et al, 2004; Luetmer et al, 2002) and AD (Uftring et al, 2000) patients. Furthermore, in these populations studied, samples were too small to establish pathological patterns of CSF flows. In addition, patients were compared with NY adults in most of these studies (Baledent et al, 2004) , which introduces age-related slants, because AD, NPH, and other dementias affect older populations. Barkhof was the first to use PC-MRI to evaluate effects of aging on aqueductal CSF flow (Barkhof et al, 1994) . He found flow patterns in young and elderly subjects to be similar; however there was an earlier peak flush latency in the elderly. Our pilot study is the first to evaluate both vascular and CSF intracranial flows, and to correlate their mechanical coupling with aging.
Vascular Flows
Phase-contrast magnetic resonance imaging enables tCBF measurement with a simple acquisition. In our study, in the NE population, a significant decrease in tCBF was observed. The first studies considering aging effects on cerebral circulation found that cerebral blood flow and oxygen consumption were maintained, whereas dementia (both AD and VD) was related to disturbances in brain-blood flow and oxidative metabolism (Hoyer, 1982) . These studies measured CBF in milliliters per gram of brain tissue per minute, which enables correction of tCBF for the Figure 4 Linear reduction of total arterial cerebral blood flow (tCBF) with age in the normal young (NY) and normal elderly (NE) groups. For each subject, tCBF value is plotted, with the x axis showing subject's age. In the NY population, there was no linear regression of tCBF with age (slope = À0.065; intercept = 689.43; R 2 E0; P < 0.05). Conversely, when considering the elderly subjects, tCBF reduction was continuous and linear with age, as shown by a linear regression analysis (slope = À9.35; intercept = 1178.2; P = 0.0001). For cervical and aqueductal cerebrospinal (CSF) flows, fill and flush peaks (respectively Fi and Fl) are represented in milliliters per minute (mL/min), and their latencies (LFi and LFl) expressed in % of cardiac cycle (CC). The stroke volume, representing the CSF total volume displaces throughout the cervical or aqueductal level throughout the CC, is expressed in mL/CC. NS (no significance) represents P-values > 0.05. brain volume and specific studies of regional and compartmental perfusion. Because aging is associated to a global cerebral atrophy, the observed decrease in tCBF reflects a global decrease in cerebral perfusion, without any disturbance of regional perfusion or oxygen consumption.
Most of publications concerning tCBF measurements have reported decrease in tCBF with age, independent of the techniques used (Buijs et al, 1998; Kashimada et al, 1994; Scheel et al, 2000) . Buijs et al (1998) used two-dimensional PC-MR angiography of the internal carotids to measure tCBF, and found a mean tCBF of 5277131 mL/min in a group ranging from 70 to 79 years, comparable to our findings (5097103 mL/min). Kashimada et al (1994) reported similar values of tCBF when applying the same technique in similarly aged patients. Scheel et al (2000) found a mean tCBF of 6037 131 mL/min in their study population (aged 52719), using transcranial color-coded sonography. These greater values found by Doppler are probably due to two reasons. The first is related to the technique itself; sonography is operator dependent, and flow measurements with Doppler may be hindered by cranial bones (especially for the vertebral arteries in the skull base) whereas PC-MR accuracy have been validated for flow measurement in vivo and in vitro studies (Bakker et al, 1995; Evans et al, 1993) . The second reason is that the population studied with sonography is younger, with greater dispersion of ages.
We calculated the decrease of tCBF with age, and we found a continuous and gradual decrease of 4.1 mL/min per year, similar to the linear regression results found by Buijs (4.8 mL/min per year) and Kashimada (3.9 mL/min per year), (Buijs et al, 1998; Kashimada et al, 1994) . The lower annual decrease found by Scheel (3 mL/min per year) is probably related to the younger-aged population and to the errors related to sonography technique (Scheel et al, 2000) . Conversely, when assessing separately the young and the elderly groups, we found different results. While there was no linear decrease of tCBF with age among young adults, we found an accentuation (almost doubling) of the linear regression straight lines slope among the elderly (9.38 mL/min per year). Although these results require confirmation in larger populations, they already suggest that tCBF decrease with age may not be really linear but may be exponential, with an acceleration of its decrease in extreme ages. Greitz et al (1992) considered that the intracranial blood and CSF flush and fill flows through the CC are initiated by the systolic intracerebral arterial inflow. Further studies, using PC-MRI, proposed a dynamic model for mechanical coupling between blood and CSF intracranial flows (Baledent et al, 2001) (Figure 1 ). The systolic arterial Fi peak in the carotid arteries results in an instantaneous increase of the intracranial pressure. The first and faster way to decrease intracranial pressure is a large CSF venting in the subarachnoid spaces, which drops in cerebral subarachnoid spaces pressure. Then flush flows occur in cerebral venous and aqueductal CSF compartments. Our results suggest a decrease in the systolic intracerebral dynamic arterial impulsion with aging, as reflected by decline in arterial systolic flow values observed in the elderly. This decrease is demonstrated by the peak's loss of sharpness in the arterial curves in the elderly. These dynamic agerelated changes may be a consequence of structural modifications suggested by laboratory animal studies, showing that cerebral vessels become stiffer and less distensible with aging (Kalaria, 1996) . Most of these studies showed thickening of connective tissues in vessels' walls, reduction in vascular content of smooth muscle and elastin, and loss of energetic reserve in vessels' mitochondria, which probably result in cerebral vessel's loss of distensibility (Kalaria, 1996) .
Modifications of veins with aging have been less studied, because structures and functioning of veins remain partly unknown. Some authors believe that veins are collapsible, and thus passively change their cross-sectional configuration depending on applied pressure, and that their pulsations are mainly consequent of concomitant arteries' pulsations (Schaller, 2004) . Bateman (2000) stretched the role played by the venous system in the mechanical exchanges among intracranial blood and CSF compartments, and suggested that diseases such as NPH may be initiated by venous dysfunction. Similarly, our results argue that venous pulsations are impulsed by arterials, as venous curves in both young and elderly populations closely resemble arterial curves (Figure 3) .
Aging morphological effects in veins have rarely been studied in animals (Otsuka et al, 2000) and humans. They seem to consist in endothelium thinning and capillary diameter reduction, but the difference in behavior of venous system in elderly brains compared with young ones is not yet understood (Schaller, 2004) . Although the direct study of the whole venous outflow system remains difficult, our results showing a decrease in the cerebral venous flow with aging are scientifically reliable since intracranial venous flow modifications are modeled on arterials.
Furthermore, Bateman (2000) considered the AV delay as the total compliance of the intracerebral compartments. He pointed out that this AVD is reduced in NPH, as a result of the increase in intracranial pressure. On the other hand, agingrelated atrophy has no effect on AVD, thanks to the arteriolar and capillary flow regulation. In normally aged brain, blood flow is regulated by the arteriolar constriction, before the capillary bed, and pressure transmission to venous and CSF compartments is preserved. Bateman suggests that atrophy in the elderly brains is related to interstitial fluid flow from the cerebral capillaries to the venules, which enlarges sulci. Our results showed that AVDs were comparable in the young and the elderly groups (respectively 17%77% and 22%713% of CC; P > 0.05), identical to Bateman's results (AVD in healthy subjects: 89740 ms/AVD and in elderly patients with cerebral atrophy: 103760 ms/P = 0.3). Thus our results suggest preservation of cerebral compliance in aging.
Finally, we found an effective although not significant decline in the AV stroke volume with aging. This parameter reflects the 'driving current,' defined by Greitz (1993) and studied through an electrical model by Alperin (Alperin et al, 1996) . This 'driving AV current' induces currents in the other limbs of the circuit, to regulate intracranial volume and pressure exchanges. However, despite preservation in cerebral compliance with aging, fluid and brain motions are less dynamic, because of the loss in arterial impulsion pulsatility.
Cerebrospinal Fluid Flow
Limits: Technical and measurement conditions should be taken into account when studying CSF flows, both on aqueductal and cervical levels.
First, aqueductal CSF evaluation may be hampered by small size of the aqueduct and ventricular foramina. However, previous phantoms studies (Barkhof et al, 1994; Luetmer et al, 2002) supported good reliability and reproducibility of PC-MRI in evaluating CSF flows at the aqueductal level. Furthermore, in a previous study comparing our semiautomated CSF segmentation algorithm and manual tracing, CSF pulsatile patterns were homogeneous when processed in the narrow part of the aqueduct where velocity dispersion is minimized (Baledent et al, 2001) .
The second challenge was measuring the cervical CSF flows, because of their main contribution to the early systolic regulation of intracranial pressure, as suggested by many previous studies (Baledent et al, 2001; Greitz et al, 1992) . Despite the technical difficulties in cervical dynamic evaluations (Alperin et al, 1996) , our home-made segmentation software assesses CSF flows and stroke volumes in a reliable way (Baledent et al, 2001) .
Finally, stroke volume values were variable in previous studies because of varying measurement methods. Our approach was similar to the measurement method used by Luetmer et al, (2002) . These investigators measured the average fill and flush CSF flow at the level of interest (aqueduct or cervical level) throughout the CC, and estimated the heart rate in the population. Then, they calculated the corresponding CSF stroke volume first by dividing the CSF flow by the heart rate, and then by two. This method is less dependent on heart rate variation, and thus has advantages compared with flux difference technique used by EgelerPeerdeman and Barkhof (Egeler-Peerdeman et al, 1998) , defined as the difference between the maximum rostral and caudal flux.
Cervical Level
We found a significant decrease in cervical CSF flush peak, and a loss of sharpness in the cervical CSF curve peaks in the elderly group. Similar to venous flows, CSF flows discharge the arterial impulsion volume, and model their variation on arterials. Age-related arterial loss of pulsatility results in smoother CSF peaks, consistent with cervical CSF compartment's loss of pulsatility.
On the contrary, the latencies of cervical CSF Fi's and Fl's were preserved with aging, suggesting a preserved compliance of the cervical compartment in the elderly.
According to Greitz's theory and to Alperin's electrical model, the AV stroke volume induces modulation of cervical CSF stroke volume, through the cranial closed box, which is characterized by resistance and compliance. In steady state, these two components balance the entering 'driving current' (represented by the AV stroke volume) and the proportional flushing CSF stroke volume. Thus, inappropriate modulations between AV and CSF stroke volumes as seen in pathologies will result from abnormal resistance and/or compliance of the intracranial compartments.
In our study, AV stroke volume is not significantly reduced with normal aging, whereas cervical CSF stroke volume is reduced. This inappropriate modulation means that aging induces modification of either compliance or resistance of cranial contents. Because the AVD, reflecting total cerebral compliance, is preserved in our studied populations, we suggest that aging results in increased cerebral resistance. Similar results have been found by Uftring et al (2000) , using a mathematical method based on transfer functions. These investigators studied simulated changes in brain compliance and resistance to CSF flows, and found attenuation of CSF oscillations in the elderly. They related this result to an increased resistance to CSF flows at the skull base in the elderly.
Although they have studied a small population of AD patients, Uftring et al (2000) found that vascular pulsations induce larger CSF oscillations than in the elderly. Furthermore, some studies suggest that AD is related to CSF production decrease, which induces lack of Ab clearance and increased deposition of Ab in the meninges. The consequence is a greater resistance to CSF outflow (Silverberg et al, 2003) . In a randomized, controlled pilot study, the same authors suggested that among AD patients, there is a subgroup of AD-NPH 'hybrid' patients, meeting clinical criteria for AD, with elevated CSF pressure (suggesting early hydrocephalus). The implantation of a ventriculoperitoneal shunt showed stabilization in psychometric test scores in these patients, concomitant to a decrease in the CSF concentration of biochemical markers of AD (Silverberg et al, 2002) . Although it is premature to speculate about therapeutic implications in AD, these studies suggest that AD may be associated to CSF dynamic disorders.
Aqueductal Level
Interestingly, Fi's and Fl's were not significantly decreased in the elderly. This might be related to the fact that values of aqueductal flows are low, and they are close to the limits of accuracy of the PC-MRI (Luetmer et al, 2002) .
The aqueductal stroke volume was reduced significantly in the elderly, similar to the cervical level. In addition, stroke values measured in our healthy young subjects (48 mL/CC) were comparable to those of Luetmer (53 mL/CC), with a comparable method (2002) .
Finally, the cervical to aqueductal stroke volume ratio was preserved in the NE when compared with the NY, suggesting that aging results in proportional loss of compliance in cervical and aqueductal compartments. It would be interesting to study this ratio in degenerative dementia, particularly NPH. We suggest that NPH may be related to a disturbed coupling between AV and aqueductal flow dynamics, resulting in a disproportional decrease of aqueductal stroke volume, thus in an abnormally increased ratio, characterized by ventricular dilatation on morphological imaging. This imbalance in the distribution of pulsatility between the ventricular and the subarachnoid spaces associated to hydrocephalus have been recently suggested by Wagshul et al (2006) . Furthermore, they suggest considering the ratio cervical volume to aqueductal stroke volume in shunt placement decisions in NPH, because there are patients in whom shunt placement can provide clinical improvement, despite normal aqueductal flow (with probably unbalanced cervical to aqueductal stroke volume ratio).
Conclusion
In conclusion, our investigation used reliable and validated flow segmentation technique of PC-MRI to perform a complete study of cerebral vascular and CSF flows in elderly subjects. Our results confirmed the reduction in cerebral blood flows in the elderly reported by previous studies. Interestingly, our investigation showed that the temporal interaction between vascular and CSF flows, that is, total cerebral compliance, are preserved. The magnitude of cervical CSF flows was reduced in the elderly as CSF oscillations are modeled on arterials. Surprisingly, this result was not found at the aqueductal level, probably due to technical reasons. These results are interesting because they establish a dynamic intracerebral pattern of flow movements in the elderly. This pattern may afterwards be compared with patterns observed in pathological states, such as AD or HPN. Thus, it would be helpful for determining if atrophy and ventricular enlargement observed on morphological MRI in elderly patients are due to normal age-related atrophy, degenerative cerebral diseases, or ventricular dysfunction as NPH.
